By altering the number, size, and density of particles in the ocean, the activities of different phytoplankton, zooplankton, and microbial species control the formation, degradation, fragmentation, and repackaging of rapidly sinking aggregates of particulate organic carbon (POC) and are responsible for much of the variation in the efficiency of the biological carbon pump. A more systematic understanding of these processes will allow the biological pump to be included in global models as more than an empirically-determined decline in POC concentrations with depth that may not adequately represent past or future conditions. Although progress has been made on this front, key areas needing work are the amount of POC flux associated with appendicularians, the mechanisms by which coccoliths and coccolithophorid POC reach depth, and the impact of polymers such as TEP on the porosity of aggregates. In addition, an understanding of the interaction between biological and physical aspects of the pump, such as aggregate loading with suspended mineral particles, is also important for understanding the transmission of biogenic materials through the meso-and bathypelagic realms. Data suggest that variable biogenic silica to POC production ratios in various ocean regions are responsible for the poor correlation observed between silica and POC in deep sediment traps, and that high concentrations of suspended coccoliths in deep waters may be responsible for the homogeneous calcium carbonate to POC ratios observed in these same traps. Sedimentation of foraminiferal calcite does not appear to be as tightly correlated to POC flux as coccolith sedimentation. Suspended calcium carbonate particles, scavenged by sinking organic aggregates, have been observed to both fragment and increase the density of these aggregates. Analysis of the data suggests that scavenging of minerals by aggregates decreases the porosity of the aggregates and may increase their sinking velocities by hundreds of times. r
Introduction
Important to our understanding of marine biogeochemistry and glacial-interglacial climate cycles is the transfer to depth of particulate organic carbon (POC) via the biological pump. The ''efficiency'' of the biological pump, looked at as the fraction of primary production exported from the euphotic zone, and as the fraction of this export production that reaches the deep sea, is controlled by numerous, often interrelated, processes, including the aggregation and disaggregation of organicrich aggregates, microbial activities, grazing and ARTICLE IN PRESS 
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fecal pellet production by zooplankton, and interaction between POC aggregates and suspended ''ballast'' minerals (Fowler and Knauer, 1986; Alldredge and Silver, 1988; Banse, 1990; Jackson and Burd, 1998; Ducklow, 2000; Antia et al., 2001; Armstrong et al., 2002; Franc -ois et al., 2002; Klaas and Archer, 2002; Passow, 2002; Simon et al., 2002; Thornton, 2002; Turner, 2002; Volkman and Tanoue, 2002; De La Rocha, 2003) . Although there is extensive literature on most of the processes known to affect the efficiency of the transport of POC to depth, most of these processes are not quantitatively understood. Thus, although progress is being made towards the development of effective models of the biological pump (Kriest and Evans, 1999; Dadou et al., 2001; Doney et al., 2002; Kriest, 2002; Stemmann et al., 2004a, b) , the biological pump in ocean models is still predominantly described by the ''Martin curve'' and its relatives, an empirically determined exponential decline in POC concentrations with depth below the euphotic zone (Suess, 1980; Martin et al., 1987; Lutz et al., 2002; Andersson et al., 2004) . In addition, the complexity of the biological pump is largely ignored in geochemical considerations of the particulate inorganic carbon (PIC): POC rain ratio and the links between the biological pump, atmospheric CO 2 , and climate cycles in the past (Sigman and Boyle, 2000) .
There are many recent and/or classic reviews of different aspects of the biological pump from the formation and properties of aggregates (Fowler and Knauer, 1986; Alldredge and Silver, 1988; Jackson and Burd, 1998; Passow, 2002; Simon et al., 2002; Thornton, 2002; Volkman and Tanoue, 2002; Verdugo et al., 2004) , to the flux of POC (Honjo, 1996; Jahnke, 1996; Buesseler, 1998; Antia et al., 2001) , the suspension, sinking, and degradation of particles (Smayda, 1970; Banse, 1990) , the role of zooplankton in the particle flux (Turner, 2002) , and the impact of the biological pump on marine geochemistry (De La Rocha, 2003) . This manuscript thus will not cover any particular aspect of the biological pump in the great detail required of a review. Instead its first aim is to provide a simple overview, for those more deeply versed with the past climatic impact of the biological pump than the complexities of its workings, of the processes that control the amount of primary production, exported from the euphotic zone, that reaches the deep sea and its sediments. Secondly, while the importance of aggregates and transparent exopolymer particles (TEPs) to the sinking of POC has been appreciated for 15-20 years, the role of mineral ''ballast'' has recently come to the fore as a possible major control over POC flux (Armstrong et al., 2002; Franc -ois et al., 2002; Klaas and Archer, 2002) . Given the current interest in this topic, this manuscript takes a detailed look at the potential impact of minerals on the character and sinking velocity of organic-rich aggregates.
2. The means and forms by which POC sinks to the deep sea
The effectiveness of the biological pump
The biological pump is a set of processes largely viewed as a powerful means of transporting POC to depth. Its removal of fixed carbon from surface waters maintains the gradient in dissolved inorganic carbon that held Holocene, pre-industrial atmospheric CO 2 concentrations at 280 matm instead of the 415 matm expected from the total dissolved inorganic carbon content of the ocean (Broecker, 1982) . Variability in the efficiency of the biological pump also has played a role in the past glacial-interglacial cycling of atmospheric CO 2 between 190 and 280 matm (Kohfeld et al., 2005) .
Despite these feats, the biological pump is inefficient at getting POC into the deep sea and sediments. Most of the net 50 Pg C fixed into phytoplankton biomass each year (Field et al., 1998) is remineralized in the upper few hundred meters of the ocean (Bishop et al., 1978; Suess, 1980; Martin et al., 1987) . Only somewhere between 5% and 25% (Martin et al., 1987; Buesseler, 1998; Schlitzer, 2000) of net primary production is exported from the euphotic zone, and only about 1-3% reaches the deep sea and sediments.
Although, as a whole, the biological pump is inefficient at transporting fixed carbon to depth, there is considerable regional and temporal variability in the fraction of net primary production that is exported to depth. In central gyres, only 1-10% of net primary production is exported from the euphotic zone (Buesseler, 1998; Neuer et al., 2002) , while anywhere between 30% and 100% of the net primary production may be exported from polar regions (Buesseler, 1998) . Likewise, the vertical flux of POC through deeper depths is higher in productive continental margin regions than in central gyres (Jahnke, 1996) .
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This variability is predominantly biological in origin, stemming from differences in phytoplankton, zooplankton, and microbial communities and food-web structures (Legendre and Rivkin, 2002) at various times and places. In addition, a greater supply of suspended minerals on continental margins than in the open seas may make a contribution to the increased efficiency of the biological pump at the margins. What these differences in the ''biological'' and ''mineral'' components of the biological pump mean is that POC within the ocean is not a single amorphous category of material of undefined behavior and uniform propensity to sink. It is instead many different organisms and their product, which are packaged and repackaged into particles of various shapes, sizes, physical and chemical compositions, characteristics, sinking velocities, and degradability (Fowler and Knauer, 1986; Alldredge and Silver, 1988; Silver and Gowing, 1991) . The interaction of POC with mineral particles may further alter its size, character, and sinking velocity (Armstrong et al., 2002; Franc -ois et al., 2002; Klaas and Archer, 2002; Passow, 2004; Passow and De La Rocha, 2006) .
Sinking of POC in the form of aggregates
The amount of the POC fluxing through any given depth depends on the balance between the sinking velocities (W in units of m d À1 ) of the organic particles and the rates of their decomposition (D in mass mass À1 d À1 ), for example, as in (Banse, 1990) 
where C z is the POC flux reaching depth z. To take the broad view, only three things influence the total amount of POC that is pumped to depth: the flux generated in the euphotic zone, the velocity with which it sinks, and the rate at which it decomposes or is grazed. One key control of the sinking velocity of POC in the ocean is the size of the sinking material. The POC that sinks out of the euphotic zone does so, not as small, individual phytoplankton, which generally sink less than 2 m d À1 (Fowler and Knauer, 1986) , but as components of large particles (McCave, 1975; Suess, 1980; Billett et al., 1983 ) that reach the deep within days to weeks (Billett et al., 1983; Asper et al., 1992) owing to sinking velocities that range one order of magnitude up from 50 m d À1 (Shanks and Trent, 1980; Billett et al., 1983; Alldredge and Gotschalk, 1988; Asper and Smith, 2003) .
Large composite particles with diameters greater than 0.5 mm are known collectively as ''marine snow'' (Alldredge and Silver, 1988 ) and consist of the discarded feeding structures of appendicularians, planktonic foraminifera, and pteropods (Alldredge and Silver, 1988; Hansen et al., 1996; Gorsky et al., 1999; Alldredge, 2005) that may collect additional particles as they sink, and aggregates formed by the physical coagulation of smaller particles (McCave, 1984; Jackson and Burd, 1998) . The presence of TEP, which act as the matrix of aggregates and as ''glue'' towards most types of particles (Passow, 2002) , is a prerequisite for the formation of aggregates through coagulation . The rate of aggregate formation through coagulation furthermore depends on the size and concentration of particles (e.g., diatoms, feces, and detritus) in the water (Hill, 1992; Jackson, 1990; Logan et al., 1995) . Some efforts have been made to incorporate these processes and their impact on POC flux into biogeochemical models (e.g., Kriest and Evans, 1999; Kriest, 2002) .
POC may also be packaged into fecal pellets (Bishop et al., 1978 (Bishop et al., , 1980 Honjo and Roman, 1978) that may be large and dense enough to sink rapidly on their own but also may become incorporated into aggregates. In addition, whole organisms, such as protozoans, amphipods, and pteropods, may sink rapidly in association with marine snow, or, if they have heavy tests, like radiolarians and foraminifera, they may sink individually after cell death (Silver and Gowing, 1991) . By definition, dissolved organic carbon (DOC) does not sink, but may assemble into colloids and particles that aggregate and then sink (Alldredge et al., 1993; Kepkay, 1994; Chin et al., 1998; Verdugo et al., 2004) . Sinking aggregates also may carry a significant amount of DOC down with them in their pore water (Noji et al., 1999; Antia, 2005) , as a third of the total carbon in aggregates may be interstitial DOC (Alldredge, 2000) .
Controls on the sinking velocity of aggregates
Since the sinking velocity of aggregates is critical to the proportion of primary production reaching the deep sea, it is useful to be able to describe, mathematically, how particles sink. According to Stokes' Law, sinking velocities (W) of spherical particles at low Reynold's numbers decrease with
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where (1ÀP) is fraction of the particle that is solid material, g the acceleration due to gravity, m the dynamic viscosity of seawater, and Dr the density difference between the solid material of the particle and seawater (i.e., r sm Àr sw ). The only terms to vary in the ocean are the dynamic viscosity of seawater, the porosity and the radius of the particle, and the particle density relative to seawater. Although m is strongly temperature dependent, a drop in seawater temperature from 20 to 0 1C would only diminish sinking velocities by 43%; thus sinking velocities of particles in the ocean (and the deep ocean especially) should largely vary as a factor of (1ÀP) r 2 (Dr). If the greater than 99% porosity observed for aggregates in surface waters (Alldredge and Gotschalk, 1988) holds through the meso-and bathypelagic zones, sinking velocities should then largely only vary with r 2 (Dr). Predictions of sinking velocities of aggregates from their size and density are complicated by the fact that most marine aggregates are not spherical and exhibit fractal geometries (Logan and Wilkinson, 1990; Jiang and Logan, 1991; Li and Logan, 1995) . The increased drag upon them due to their shape slows their sinking relative to spheres of equivalent mass and density (Alldredge and Gotschalk, 1988) . The potential for increased flow through them due to their fractal geometry relative to non-fractal particles with the same average porosity, in contrast, reduces the drag upon them relative to non-fractal particles (Johnson et al., 1996) , presuming that polymers such as TEP do not clog up the pore space of the aggregate.
Although the fractal geometry and variety of shapes of sinking particles in the sea obscure the relationship between particle sinking velocities and their density, the general tenet of Stokes' law, that sinking velocities are a function of particle size and density relative to seawater, holds. Empirical estimates of the sinking velocities of fractal organic aggregates in the upper ocean, for example, are related to d, the aggregate diameter (e.g. W ¼ 50d 0.26 from Alldredge and Gotschalk, 1988) , and marine-snow-sized aggregates settle tens of times more rapidly than individual phytoplankton cells (Smayda, 1970; Alldredge and Gotschalk, 1988; Jackson and Burd, 1998) . So although Stokes' law does not perfectly describe the sinking of fractal organic aggregates in the sea, its separation of the different physical factors influencing sinking rates means that it is useful for considering the different impacts of size, density, and porosity on sinking velocities.
Particle size, density, and porosity being the direct controls of the sinking velocity of organic particles in the ocean means that there are numerous indirect controls on the sinking velocities of organic aggregates. Aggregation, disaggregation, organic matter degradation, fragmentation, grazing, and fecal pellet production by zooplankton, mineral scavenging, and other processes change aggregate size, composition, and character. As a result, over the course of its residence in the water column, POC shifts through a spectrum of sizes and sinking velocities, from suspended to sinking more than 500 m per day (Jackson et al., 1997; Berelson, 2002; Turner, 2002) .
Exopolymers such as TEP, despite adding lowdensity mass (0.70-0.84 g cm À3 ; Azetsu-Scott and Passow, 2004) to aggregates, generally enhance sinking velocities by promoting the formation of larger, faster-sinking aggregates. TEP also might clog up the pore space within the aggregates, diminishing the drag experienced by a sinking aggregate. This process has been invoked as a possible reason for the observed variability in the sinking velocity versus size of aggregates .
Eq. (2) suggests that such lowering the porosity of an aggregate could have a great impact on its sinking velocity. A decline in porosity from 0.997, a typical calculated value for marine snow, to a value like 0.8 or 0.5 increases the predicted Stokes' sinking velocity for a spherical particle by a factor of 70 or 170, respectively. Work directly addressing the impact of porosity and fluid flow through fractal aggregates on their sinking velocity is needed to help quantify the importance of natural variations in aggregate porosity to POC flux.
The feeding and swimming of zooplankton are processes that affect the residence time of particulate organic matter in the upper ocean and the flux of POC to depth. Feeding of zooplankton on suspended phytoplankton cells results in the production of fecal pellets. The type of zooplankton involved will determine in large part the size and sinking velocity of the pellet produced (Turner, 2002) and thus whether or not grazing serves to A u t h o r ' s p e r s o n a l c o p y increase the sinking flux of POC. Certain types of zooplankton (e.g., copepods and euphausiids but not salps) also may actively feed on aggregates (Bochdansky and Herndl, 1992; Green and Dagg, 1997; Dilling et al., 1998; Schnetzer and Steinberg, 2002; Kosky et al., 2005) , potentially sensing them from the chemical plumes they emit (Kiørboe and Thygesen, 2001 ) and reducing the number of marine-snow-sized particles with large sinking velocites in the surface ocean. Zooplankton also may fragment aggregates while they swim, breaking them up into numerous smaller particles with lower sinking velocities (Dilling and Alldredge, 2000; Goldthwait et al., 2004) . Further, such fragmentation of an aggregate releases DOC that had been hitherto contained within the aggregate (Goldthwait et al., 2005) and may have otherwise sunk with the aggregate into deeper waters (Alldredge, 2000) .
These are processes that are quantifiable (see Dilling and Alldredge, 2000) and could be included into models. Simple calculations, for example, have been used to show that fragmentation of aggregates by swimming euphausiids could explain observed diel variation in marine snow abundance in the Santa Barbara Basin (Dilling and Alldredge, 2000) . As in Dilling and Alldredge (2000) , data on the distribution of the zooplankton and estimates of the amount of the time they spent each day swimming at given depths can be coupled with estimates that exist for the volume of water disturbed by euphausiids as they swim (measurements for other types of zooplankton need to be made), marine snow abundance (as measured via camera, e.g., Gorsky et al., 2003) , and the probability that an encountered aggregate of marine snow will fragment into 2, 3, or more particles (Dilling and Alldredge, 2000; Goldthwait et al., 2004) .
Feeding of zooplankton on fecal pellets is another way in which zooplankton influence POC sinking velocities and, in these cases, increase the residence time of POC in the water column . Direct ingestion of fecal pellets (coprophagy) has the effect of removing large, fast-sinking particles from the water column before they have a chance to sink to great depths. Zooplankton also might fragment fecal pellets during the course of feeding upon them, breaking them into smaller, more slowly sinking particles. Removal and consumption of the peritrophic membrane that surrounds fecal pellets (Lampitt et al., 1991) also results in the dispersal of fecal pellet material (as smaller, more numerous, more slowly sinking particles) into the water column.
It also has been proposed that incorporation of minerals into aggregates may significantly increase the sinking velocities of aggregates (Honjo, 1982; Armstrong et al., 2002; Franc -ois et al., 2002; Klaas and Archer, 2002) . The relationship between the mineral content of an organic aggregate and its sinking velocity is not straightforward, as minerals add density to aggregates but also decrease their size (Hamm, 2002) and fragment them into smaller particles (Passow and De La Rocha, 2006) . The result are non-linear changes of sinking velocity with mineral addition (Hamm, 2002) that may account for the observation that in the deep-sea, mineral contents do not appear to systematically influence sinking velocities of marine-snow-sized particles (Berelson, 2002) .
Some observations exist of the uptake of minerals by aggregates (Honjo, 1982; Hamm, 2002; Passow and De La Rocha, 2006) and the impact of minerals on sinking velocities may be at least roughly calculated (see calculations later in paper). Before this process can be included in models, however, the rate and probability of incorporation of minerals into organic aggregates need to be better quantified, as does the impact of the minerals on aggregate characteristics (density, porosity, etc.). Therefore information is needed about the concentration of sinking and suspended particles of calcium carbonate, silica, and clay minerals in ocean waters below the euphotic zone. The ratio of the silica to calcium carbonate fluxes into deep sediment traps increases with depth. And the relationship between mineral and organic fluxes (Bishop et al., 1978; Armstrong et al., 2002; Franc -ois et al., 2002; Klaas and Archer, 2002) suggests that there may be a significant supply of scavengeable minerals (e.g., coccoliths, whole and intact foraminifera and pelagic molluscs, whole and intact diatoms and radiolarians, and clay minerals) in deeper waters.
Degradation of particulate organic matter
The degradation of particulate organic matter is carried by zooplankton and bacteria and has a twofold impact on the biological pump. First, grazing and decomposition by zooplankton and bacteria, which solubulize POC to DOC, oxidize it to CO 2 , or assimilate it into food webs, remove most of the POC from the biological pump in the upper water column (Bishop et al., 1978; Suess, 1980; Buesseler, 1998; Schlitzer, 2000) . And, second, there is a marked increase in particle sinking velocities with depth in the ocean, and this might be tied to the loss of organic carbon from these particles during sinking, the transmission of only fast-sinking particles to the deep sea, or it may be a side effect of the successive repackaging of sinking material by deep-dwelling heterotrophic organisms (Berelson, 2002) .
One key question about the biological pump concerns what portion of the 97-99% of net primary production that is oxidized back to CO 2 instead of being preserved in deep-sea sediments is cycled through the zooplankton versus the bacteria. Estimates of the portion of net primary production grazed, ingested, and respired by micro-and mesozooplankton are high, often on the order of 30-70% and 20-35% of net primary production apiece (e.g., Calbet and Landry, 2004; Herna´ndez-Leo´n and Ikeda, 2005) . These estimates, however, must be balanced against claims that bacteria do the bulk of the respiration within the ocean (Rivkin and Legendre, 2001) . Indeed, when estimated respiration rates of microbes (including phytoplankton) are added to those of zooplankton, the result is often in excess of gross primary production, unless one assumes that DOC excretion by phytoplankton is a sizeable and overlooked contribution to gross primary production (del Giorgio and Duarte, 2002) . It is clear at this point in time that while annual estimates of marine respiration (including that of phytoplankton) of 41-77 Pg C y À1 (del Giorgio and Duarte, 2002) may be reasonable, it is currently unknown what portion of this is carried out by zooplankton and what portion is carried out by bacteria.
One thing there is a current estimate of, however, is the magnitude of bacterial assimilation of carbon relative to net primary production. Based on a suite of studies of bacterial production measured by such assays as the incorporation of tritiated thymidine into bacterial biomass, it appears that the net assimilation of organic carbon by bacteria each year is equivalent to 15% of the carbon fixed through photosynthesis (Ducklow, 2000) . Although much of this assimilated organic carbon comes from the low-molecular-weight DOC pool, particle-associated microbes may rapidly solubulize organic matter from particles (Cho and Azam, 1988; Karl et al., 1988; Smith et al., 1992; Sempe´re´et al., 2000) .
Microbial rates of particle decomposition depend on both physical parameters (temperature and pressure) and biological ones (e.g., particle composition and character, ectoenzyme activities, and the composition, abundance, and activity of microbial communities). For example, hydrolysis rates of complex polysaccharides vary a great deal both spatially and temporally (Arnosti, 1996; Arnosti et al., 2005) as do cell-specific enzyme activities and the suite of enzyme activities expressed by bacterial assemblages (Martinez et al., 1996) , implying variability in the ability of microbial populations to degrade POC. It is also generally accepted that particle-attached bacteria, such as those present on aggregates, have markedly higher cell-specific hydrolytic enzyme activities, but not elevated demands for carbon, relative to the free-living bacteria present in the water column (Cho and Azam, 1988; Karl et al., 1988; Smith et al., 1992) . Thus, while it is particle-associated microbes that convert POC to DOC, it is free-living microbes that are oxidizing the organic carbon, now in the form of DOC (Kiørboe and Jackson, 2001; Thor et al., 2003) .
Distribution of marine snow in the water column
Together with the sinking velocities they impact, coagulation, fragmentation, consumption, and decomposition control the standing stock of aggregates in the water column at any given depth. Advection of water masses may also transport aggregates laterally significant distances from their point of origin (Gorsky et al., 2003) . Cameras lowered from ships or mounted on ROVs provide a wealth of data concerning the abundance, size, and distribution of large particles in the water column (Honjo et al., 1984; MacIntyre et al., 1995; Pilskaln et al., 1998; Graham et al., 2000; Asper and Smith, 2003; Gorsky et al., 2003) . Fig. 1 shows examples of the mean equivalent spherical diameter of particles 40.15 mm against depth in various ocean regions.
The greatest number and overall volume of organic aggregates occur in surface waters (e.g. Fig. 1 ) especially in productive regimes. In areas such as the Santa Barbara Basin or the Southern Ocean, aggregate numbers may easily reach 50-80 L À1 , and average aggregate volume and total aggregate volume may reach 0.5-1 mm À3 , and 10-60 mm À3 L À1 , respectively (MacIntyre et al., 1995; Graham et al., 2000) . In parallel to the rapid decline in POC (Suess, 1980; Martin et al., 1987) and calcium carbonate concentrations (Schiebel, 2002) below the euphotic zone, the number per liter
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and average size of aggregates drop off appreciably below the euphotic zone (Fig. 1) , driving with them a drop in the total volume of aggregates per liter. This implies that degradation processes are strongly active in the upper few hundred meters and that processes in this zone bear considerable influence on the flux reaching deeper waters (Bishop et al., 1978 (Bishop et al., , 1980 . Although cameras are a powerful means of investigating aggregates in the ocean, their instantaneous views of particle distributions may miss episodic pulses of material that contribute disproportionately to particle flux, such as events associated with phytoplankton blooms (Billett et al., 1983; Asper et al., 1992) or the breakdown of watercolumn stratification by convective mixing (Kemp et al., 2000) . Such pulses of phytodetritus to the seafloor have been seen in all ocean basins in both coastal and open-ocean locations, and can, in the course of a few days to a few weeks, deliver the equivalent of the annual average carbon flux to the benthos (Beaulieu, 2002) . This rapidly sedimented 
phytodetritus is typically dominated by diatoms (Beaulieu, 2002) . But even without necessarily capturing extreme events, camera profiles show a considerable spatial and temporal variability to the distribution of aggregates in the upper ocean. Aggregates have been seen accumulating at density discontinuities to form thin, high concentrated layers of POC (MacIntyre et al., 1995) . In productive upwelling regimes, such as the Monterey Bay, California, aggregate number and total volume at a given sampling site have been seen to be 50-80 times higher during times of upwelling and high productivity than during winter months or El Nin˜o years when upwelling and productivity are diminished (Pilskaln et al., 1998) . Patchiness in aggregate distributions has been seen along a latitudinal transect in the equatorial Pacific (Gorsky et al., 2003) . Diel variations in aggregate abundance and character have also been observed (Graham et al., 2000) and ascribed to the nightly vertical migrations of zooplankton who, by swimming, fragment marine snow they encounter into numerous smaller particles (Dilling and Alldredge, 2000; Goldthwait et al., 2004) . Perhaps in the future, moored camera systems will provide us with a more complete data set on the spatial and temporal variability of flux.
Organic components of particle flux
The sinking flux of organic carbon (i.e., not including organic carbon excreted at depth by vertically migrating zooplankton [Steinberg et al., 2000] , a process that is not addressed in this manuscript), occurs either as fecal pellets or as marine-snow-sized aggregates. Large aggregates in surface waters can be classified into four types (Alldredge and Silver, 1988) , diatom, fecal, and miscellaneous aggregates, which are formed through coagulation, and mucus feeding webs, which are not. Aggregates consist of material, i.e., diatom cells, fecal pellets, or a mixture of phytoplankton, fecal, and detrital components, held together by TEP. Mucous feeding webs are gelatinous feeding structures, shed by organisms such as appendicularians and pteropods, that may scavenge smaller particles as they sink (Alldredge, 2005) . All four types of marine snow are colonized by microbial and invertebrate organisms that live in and survive off of marine snow (Cho and Azam, 1988; Green and Dagg, 1997) .
Although diatoms are not the only phytoplankton, they are the predominant producers of phytoplankton aggregates, because they are the only class of phytoplankton equivocally capable of voluminous production of the TEP that drives the aggregation process (Alldredge et al., 1993) . Coccolithophorids (Engel et al., 2004) and Phaeocystis spp. (Passow and Wassmann, 1994; Hong et al., 1997) may also generate TEP, but fast-sinking TEPrich coccolithophorid aggregates (unequivocally formed by aggregation) have yet to be observed (see below). Other phytoplankton, like dinoflagellates or Phaeocystis spp., may be enclosed in aggregates (Riebesell et al., 1995; Alldredge et al., 1998) , but have not been observed to form phytoplankton aggregates themselves, although the detrital matter of lysed and senescent phytoplankton will always form detrital aggregates and marine snow may be comprised of predominantly detrital components. At any rate, it is because of TEP and aggregation that POC during a thick bloom of relatively large diatoms stands a reasonable chance of being exported from the euphotic zone via rapidly sinking aggregates (Smetacek, 1985; Riebesell, 1991; Hill, 1992; Kiørboe et al., 1994; Logan et al., 1995) , while, on the other extreme, POC produced by miniscule picoplankton will generally wind up in the microbial loop and be remineralized in surface waters (Legendre and Michaud, 1998; Wassmann, 1998) , although picoplankton can sink when associated with fecal pellets, aggregates, and mucous feeding structures.
Fecal pellets may be the main vector for the sedimentation of the coccoliths of coccolithophorids. Individually, coccoliths have a sinking velocity of 0.1 m d À1 but, in situ, sink rapidly via their incorporation into larger particles. Coccoliths and whole coccolithophorids appear to most commonly sink within fecal pellets (Honjo, 1976 , and disintegration of sinking fecal pellets may be responsible for the high concentrations of coccoliths observed in deep waters (Honjo, 1976) .
Reports of intact coccolithophorids and coccoliths in gelatinous ''aggregates'' (Honjo, 1982; Cadee, 1985) , which contain large amounts of fecal pellets and other phytoplankton and detritus (Rieman, 1989), provide another possibility for the sedimentation of coccolithophorid-derived material. Nothing appears to be known about how these mucous conglomerates formed, and, as noted above, the coagulation of coccolithophorids has
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never been observed. From the photographs and descriptions, these coccolith-rich conglomerates seem to be derivates of zooplankton feeding structures and fecal pellets. For example, appendicularians graze on coccolithophorids (Gorsky et al., 1999) , and their discarded houses look very much like the mucous conglomerates described, as do the pseudo-feces salps generate when cleaning their feeding apparatuses.
Mucous feeding structures cast off by appendicularians (larvaceans) are by far the most important source of marine snow formed by zooplankton. These feeding structures may contribute around 30% of the POC flux in certain regions (Alldredge, 2005) . Marine snow consisting of appendicularian houses differs notably from marine-snow-sized aggregates in that it does not fragment, potentially resulting in different transfer efficiencies during sinking. The potentially great contribution of appendicularian houses to POC flux means that the relatively scant attention that has been paid to them needs to be redressed so that a better understanding of their contribution on the global scale may be gained.
Miscellaneous marine snow is that, largely detrital in makeup, without a singular identifiable primary component. It may include the bodies, molts or tests of organisms such as copepods, radiolarians and planktonic foraminifera which at times contribute significantly to particle flux (Silver and Gowing, 1991; Rieman, 1989) .
Despite the abundance of studies on the flux of POC to the deep sea, there is not currently consensus as to whether fecal pellets or aggregates are the main vectors for the sinking of POC into the deep sea. Many sediment-trap and large-volume filtration studies have traditionally led to the view that fecal pellets dominate POC flux (e.g., Bishop et al., 1977; Pilskaln and Honjo, 1987; Wassmann et al., 2000; Turner, 2002) . Other sediment trap studies, deployment of cameras in the deep sea, studies of aggregation in the surface ocean, and observations of the accumulation of thick layers of diatom mats in sediments have led to an appreciation that brief and episodic pulses of aggregates can deliver to depth relatively large quantities POC in a fairly undegraded state (Billett et al., 1983; Fowler and Knauer, 1986; Kemp et al., 2000; Beaulieu, 2002; Turner, 2002) . It is clear, however, that both aggregates and fecal pellets are important carriers of organic carbon to the deep sea and that their relative importance varies, for example, seasonally (e.g., Thibault et al., 1999) , as the result of shifts in food web structure. The relative importance to flux of fecal pellets versus aggregates also likely varies with depth in the sea as bacteria decompose the TEP matrix of aggregates and deep-dwelling heterotrophs ingest, fragment, and otherwise repackage the sinking flux of POC.
Given the efforts that would be required to collect data at adequate temporal and spatial scales and resolution to make a global estimate of the relative importance the different components of POC flux at various depths, there is a temptation to turn to models to constrain the answer. Recent models combining particle dynamics, food webs, and sinking to predict POC fluxes (Kriest, 2002; Stemmann et al., 2004a, b) have been successful at reproducing regional particle fluxes and/or aggregate profiles measured by cameras. However, it is clear that there are many parameters regarding processes impacting aggregate number, volume, sinking speed, decomposition, etc., that are unknown or only poorly constrained, especially for the behavior of aggregates in deeper waters. Until these processes have been better identified and quantified, models will only be of limited use to estimate the relative importance of the different pathways by which POC leaves the euphotic zone, passes through the mesopelagic realm, and enters the deep sea and sediments.
Relationships between mineral and organic carbon fluxes

The ballast hypothesis
POC reaching the deep sea appears to do so in association with minerals. The fluxes of calcium carbonate and POC into sediment traps below 3000 m are correlated (r 2 $0.7) (Franc -ois et al., 2002; Klaas and Archer, 2002) . There is also a weaker but still significant correlation between opal and POC fluxes into these traps (Franc -ois et al., 2002; Klaas and Archer, 2002) . These deep-trap data also suggest that by the time they reach the deep sea, sinking particles contain a fairly constant 5 wt% of organic carbon (Armstrong et al., 2002) .
Although the impact of mineral ''ballast'' on fecal pellet or aggregate density has long been recognized (Small et al., 1979; Honjo, 1982; Fowler and Knauer, 1986) , it has been only recently proposed that such mineral ''ballast'' is critical to POC flux (Armstrong et al., 2002; Franc -ois et al., 2002; Klaas 
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and Archer, 2002). Starkly in contrast with the idea that aggregation in surface waters drives the sinking and sedimentation of POC, is the hypothesis that minerals control the fraction of surface primary production that reaches the seabed by protecting the organic matter from oxidation or by increasing the density, and thus the sinking velocity, of aggregates (Armstrong et al., 2002; Franc -ois et al., 2002; Klaas and Archer, 2002) . Owing to the greater correlation between calcium carbonate and POC, calcium carbon is further taken to be the mineral primarily responsible for the sedimentation of POC (Franc -ois et al., 2002; Klaas and Archer, 2002) . This hypothesis, which has been termed the ballast hypothesis, has had a large impact on the scientific community, triggering a lively discussion (with the three papers already collectively fetching 133 citations).
The alternative interpretation of the correlations is that it is the flux of POC that controls the mineral flux by sinking aggregates scavenging suspended minerals too small to sink on their own (Honjo, 1982; Passow, 2004) . In this view, the 5 wt% of organic carbon of deep sea particles represents the carrying capacity of organic aggregates for minerals (Passow, 2004) , a hypothesis which is supported by laboratory experiments (Passow and De La Rocha, 2006) .
A third possibility is that, despite the correlation, there is no direct connection between mineral and POC fluxes in the deep sea. A correlation between a decline in the human birth rate and the size of the stork population in Germany (Sies, 1988) , for example, did not convince anyone of a correspondence between storks and the delivery of babies.
The higher variability of opal to POC ratios compared to calcium carbonate to POC ratios
Although the weaker correlation between sinking POC and opal than between sinking POC and calcium carbonate has been interpreted as a greater importance of calcium carbonate to sinking fluxes (Klaas and Archer, 2002) , there are alternative explanations for this observation. The first and foremost is that the opal to POC ratio of particles near the surface is quite variable between ocean basins, possibly due to basin-scale differences in the supply ratio of silicic acid and nitrate (Ragueneau et al., 2000) . Basin-scale differences in the proportion of primary production that is carried out by diatoms are clearly reflected in global silica to POC data from various depths predominantly above 3000 m (Fig. 2) , which show not one but many different opal to POC relationships with slopes unique to geographic areas (Ragueneau et al., 2000) . In areas of high silica production, the silica to POC relationship has a steep slope, e.g., 2.2 mol Si per mole C for the North Pacific and 1.5 mol Si per mole C for the California Current (Fig. 2) . Areas not dominated by diatoms show shallower slopes, e.g., 0.13 mol Si per mole C in the Arabian Sea and 0.09 mol Si per mole C in the Norwegian and Greenland Seas. Global averaging of these different relationships leads to a poor, although significant, correlation (r 2 ¼ 0.20, p ¼ 0.01; see Fig. 2 ). In contrast, the slopes and intercept of the POC to CaCO 3 relationships are similar, the North Pacific data aside, leading to a good correlation between POC and CaCO 3 over various geographic regions (e.g., r 2 ¼ 0.6, p ¼ 0.01 for all data on Fig. 2 of this paper, and r 2 ¼ 0.7 for Fig. 4 in Milliman, 1993) although planktonic carbonate production appears slightly higher in high production areas of the Atlantic than in those of the Pacific, suggesting that the lower fraction of diatom production is partially compensated by coccolithophorid production.
Morphological and ecological differences between diatoms and coccolithophorids also may contribute to the more homogenous calcium carbonate to POC signal at depth compared to the opal to POC signal. Whereas the organic part of a diatom cell is trapped within its opal frustule, the coccoliths of each coccolithophorid cell are only attached relatively loosely, in the outer layer of the coccosphere. Aggregation, which commonly terminates diatom blooms, additionally keeps both fractions of the diatom cell-the POC and the opal-together. It is not unusual for diatom aggregates to arrive at the seabed relatively intact (Beaulieu, 2002) , without significant chance for homogenization during fragmentation and reaggregation otherwise occurring during downward transport. Coccolithophorids, in contrast, easily shed the biominerals they produce, with the living cells of some species (e.g., the cosmopolitan Emiliania huxleyi) releasing them directly. E. huxleyi blooms are also commonly terminated by viral attacks that lyse the cells (Castberg et al., 2001) , dispersing coccoliths. Grazing is another important loss process (Nejstgaard et al., 1997; Schnetzer and Steinberg, 2002) , which would separate coccoliths from coccolithophore cells or package coccoliths into fecal pellets that are easily disrupted and repackaged again and again at depth (Honjo, 1982) .
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Thus, whereas a large part of the POC formed by diatoms will remain associated with the opal frustule during sinking, the liths shed from coccolithophorids will not be as strongly associated with the organic matter of the organism that produced them, leaving the calcium carbonate more open to attaining homogenous mineral to POC ratios during processes of aggregation, sinking, fragmentation, and reaggregation. As a consequence of these differences in how the respective biominerals find their way into aggregates, it may be expected that regional variability in the opal to POC ratio observed during production is transferred to depth, whereas any spatial or temporal variability in the carbonate to POC ratio will be more readily obscured.
Regional differences in the opal to POC ratio carry through to deeper waters (e.g., Fig. 6 in Klaas and Archer, 2002) . The data that yielded the relatively weak correlation between opal and POC fluxes should not have had a single regression line fit through them, as the data cluster into two different sets, one with an opal to POC ratio of roughly 4 mg mg À1 (0.8 mol mol À1 ), and another with a ratio of approximately 32 mg mg À1 (6.4 mol mol À1 ). The low correlation between opal and POC flux at depth observed by Klaas and Archer (2002) may not reflect that opal is an ineffective carrier of POC to depth, but that the variable opal to POC ratio of organic aggregates produced in surface waters leads to systematic variability in the opal to POC ratios of sinking particles below 3000 m. And since diatoms far more than any other phytoplankton are responsible for the production of phytoplankton aggregates, and because they carry out half of the primary production in the world ocean (Nelson et al., 1995) , it would follow that particles reaching depth would tend to have higher, not lower, opal to POC ratios than non-sinking particles, contributing further to the image of opal as an ''inefficient carrier'' of POC to the deep. The homogenization of the calcite to POC ratio with depths suggests that there may be a considerable pool of non-sinking calcite, such as coccoliths ARTICLE IN PRESS Dymond and Lyle, 1982; Dymond and Collier, 1988; Fischer et al., 1988; Wefer et al., 1988; Roth and Dymond, 1989; Wefer and Fischer, 1991; Honjo and Manganini, 1993; Wefer and Fischer, 1993; Dymond and Lyle, 1994; Von Bodungen et al., 1995; Honjo et al., 1995; Wong et al., 1999; Lampitt et al., 2001, and Ragueneau et al., 2001) , although the data from the Southern Ocean bearing no significant relationship between POC and silica (r 2 ¼ 0.37; p40.05; n ¼ 8) or between POC and calcium carbonate (r 2 ¼ 0.02; p40.05; n ¼ 8) have been omitted. or fragments thereof, which are picked up by all types of sinking aggregates up to the carrying capacity of these aggregates (Passow and De La Rocha, 2006) . Well-preserved coccoliths are indeed found suspended in all oceans, even in waters deeper than the lysocline (Honjo, 1976) . And small, nonsinking foraminiferan tests, awaiting scavenging by aggregates after high primary production events at the surface, are also found in deeper waters (Schiebel, 2002) . The lack of a comparable homogenization of the opal to POC ratios at depth suggests that there is no comparable pool of suspended opal. Alternatively, the lack of homogenization of the opal to POC ratio also could be tied to the low binding efficiency for opal to polysaccharide matrixes (Moulin and Moulin, 2001; Moulin et al., 2004) such as hold aggregates together (Alldredge et al., 1993) , which may prevent organic aggregates from effectively scavenging suspended silica fragments.
A possible argument against a deep pool of unsinking calcium carbonate being the reason for the homogeneity of the calcium carbonate to POC ratios is that large, rapidly sinking tests from foraminifera and pteropods make significant contributions to the calcium carbonate flux. Coccolithophorids are thought to be responsible for the production of about 50-70% of the planktonic carbonate production, pteropods contribute about 10% (Berner and Honjo, 1981; Schiebel, 2002) , and planktonic foraminifera contribute the remaining 20-40%.
Foraminiferal tests are predominantly cast from the foraminifera en masse after completion of the life cycle of these animals. These tests are generally fairly large and do not need to be scavenged by aggregates to sink rapidly, although they may collect aggregates on their way down. Thus a signal very different from that of coccoliths and independent of POC sinking would be expected from these foraminiferan tests, although this is not discernible in the trap data. Possibly these events are so rare and the temporal-spatial resolution of traps so low that the signals from large foraminifera and pteropods are nothing but noise in the global correlations.
Unfortunately for the evaluation of this idea, few trap data exist where the calcium carbonate flux has been separated into coccolith versus foraminiferal flux. However, two sediment traps positioned in the eastern equatorial Atlantic at 1000 m depth and off Namibia at 2500 m depths (Baumann et al., 2003) provide enough data for a preliminary analysis. These traps suggest that the correlation between POC and coccolith calcium carbonate flux is appreciably tighter than between POC and foraminiferan calcium carbonate flux (Fig. 3) 
there is no correlation between POC flux and foraminiferal carbonate (r 2 ¼ 0.25, n ¼ 14; p40.05). All things considered, an understanding of the interactions between sinking POC and minerals in the deep sea would be improved by data on the types and concentrations of non-sinking mineral particles in the deep sea. There are, of course, considerable data on the number of particles present in the deep sea, on the abundance of minerals sinking into sediment traps, or on material collected through large-volume, in situ pumps, that could be either sinking or suspended. But there is no way to use these data to constrain the background concentration of small, non-sinking particles of clay, opal, and calcium carbonate in the meso-and bathypelagic zones where they seem to play an important role in the sinking of POC.
Impact of minerals on the decomposition and sinking velocities of aggregates
If the hypothesis that minerals control the flux of POC to depth is correct, minerals must either increase the sinking velocities of organic aggregates or protect them from microbial degradation (Armstrong et al., 2002; Franc -ois et al., 2002; Klaas and Archer, 2002) . So far there has not been conclusive evidence in support of either idea.
In sediments, labile organic matter may be preserved via complexation to mineral surfaces (Keil et al., 1994) , the composition of total hydrolyzable amino acids changes markedly over time due to the selective degradation of compounds (Ingalls et al., 2003) , and the organic matter that is preserved over long time scales is that which has become associated with minerals (Hedges and Keil, 1995) . In the water column, however, although adsorption onto minerals has been seen to reduce the activities of extracellular enzymes (Tietjen and Wetzel, 2003) , organic matter-mineral associations have not been observed to have an impact on POC. The composition of total hydrolyzable amino acids of sinking organic matter does not change much with depth between the euphotic zone and seafloor (Ingalls et al., 2003) . Because compounds differ in the strength of their association with mineral surfaces, the lack of selective decay of amino acids in the water column suggests that minerals do not affect the decay of sinking POM. The only currently probable exception to this would be the organic templates for silicification and calcification that are entombed within biomineral matrixes and assumed to be unavailable to microbial and enzyme attack.
Incorporation of minerals into diatom aggregates has not been observed to necessarily increase their sinking velocities (Hamm, 2002) , and the sinking velocities of particles in the deep sea appear to be tied more closely to their POC content than to their mineral content (Berelson, 2002) . One possibility for the lack of a straightforward relationship between the mineral content of an organic aggregate and its sinking velocity is that the incorporation of minerals into aggregates reduces their size. A recent study subjected mixed copepod fecal pellet and diatom aggregates to various amounts of suspended minerals in rolling tanks in a laboratory (Passow and De La Rocha, 2006) . At concentrations of minerals (e.g., 1500-37,000 mg L À1 ), equivalent to the amount an aggregate might encounter while sinking 3000 m, a considerable increase in aggregate number and a considerable decrease in aggregate volume was observed (Table 1) . Such fragmentation did not occur at low concentrations of minerals (7-400 mg L À1 ), but the size of aggregates still decreased as mineral content increased. Thus (effects of changes in porosity aside), while the addition of density should increase the sinking velocities of particles (Eq. (2)), the simultaneous reduction in the radii of the aggregates should have the opposite effect on sinking velocities, diminishing or overwhelming the effect of the density addition.
Although changes in the porosity and sinking velocity of the aggregates with mineral addition were not measured by Passow and De La Rocha (2006) , enough data were presented (Table 1) for rough estimates of some of these parameters to be made (Table 2) for aggregates containing negligible additions of CaCO 3 (i.e., a POC to dry weight ratio of 0.14) versus those exhibiting the 5 wt% organic C of material sinking through the deep sea (i.e., a gain . Estimates of the density differences between the low-mineral versus mineral-laden aggregates may be made, and from them, calculations of porosity and excess density. From these estimates, rough, relative predictions can be made for the impact of mineral addition on sinking rates. The wet density of the material making up the aggregates (r sm ) in each treatment can be estimated from the fraction of the weight contributed by the organic aggregate (X agg ) and the fraction contributed by the CaCO 3 ðX CaCO 3 Þ, assuming a CaCO 3 -free aggregate density of 1.25 g cm À3 (the wet density of a copepod fecal pellet; Komar et al., 1981) and a calcium carbonate density of 2.8 g cm À3 (Smayda, 1970) :
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The significant addition of CaCO 3 to aggregates in this experiment nearly doubled the wet density of the material making up the aggregates (the 1500 and 7000 mg L À1 treatments on Table 2 ). The porosity (P) of the calcium carbonatecontaining aggregates can then be estimated from their dry weight (w dry ), volume (V), and the calculated wet density of their material components (Alldredge and Gotschalk, 1988) :
This yields porosities of 99.7-99.9% at lower particle concentrations for the aggregates containing negligible amounts of CaCO 3 (Table 2 ), in line with porosities observed for aggregates in marine surface waters (Alldredge and Gotschalk, 1988) .
With the addition of CaCO 3 , however, aggregates became more compact, showing porosities of 99.2% and 95.9% (Table 2 ). An additional treatment, with initial suspended calcium carbonate concentrations of 37,000 mg L À1 , which has not been shown in Tables 1 and 2 because the fragmented aggregates numbered in the thousands and were too small to enumerate (Passow and De La Rocha, 2006) , would have had porosities considerably lower than 95.9%. The excess density (Dr) of the aggregates in the experiment over that of seawater may be then calculated (Alldredge and Gotschalk, 1988) as
where r sw is the density of seawater. The aggregates that picked up significant quantities of CaCO 3 increased their excess density by 20-130 times over the average of 0.4 g cm À3 of the mixed-composition aggregates lacking significant additions of CaCO 3 (Table 2) . Again, increases in the 37,000 mg L À1 treatment, had the multitude of particles produced been quantifiable, would have been greater than this.
The rough impact of the change in excess density on sinking velocities (W) can be calculated, taking the change in the radii and porosity of the particles into account, according to Stokes' settling (Eq. (2)). Changes in the porosity, material wet density, and size of the aggregates due to mineral incorporation will impact (1ÀP) r 2 (Dr) only, with this term then giving the factor increase in sinking velocity in each condition. Values of (1ÀP) r 2 (Dr) for the CaCO 3 -containing aggregates, at 0.003-0.02 mg cm À1 , are 70-560 times greater than the 4 Â 10 À5 mg cm À1 of the relatively CaCO 3 -free aggregates, suggesting that the addition of minerals does indeed significantly increase aggregate sinking velocities. To break this down into the various parameters: r 2 shifted by a factor of 0.1, Dr by a factor of 130, and (1ÀP) by a factor of 40. Thus while the decrease in porosity makes a significant contribution to the predicted increase in sinking velocity of these aggregates, the greater cause is the addition of density. 
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These are certainly nothing more than ballpark estimates with large errors on them, but they suggest that incorporated minerals decrease the porosity and increase the density and sinking velocities of aggregates, despite fragmenting them into smaller particles. Given the mineral concentrations and time spans used by Passow and De La Rocha (2006) in their experiment, by the time aggregates reach the deep sea, even from open-ocean locations, they could have scavenged enough minerals to be sinking 1-2 orders of magnitude more quickly than they would have been in surface waters. The critical question for the ''ballast hypothesis'' is whether or not aggregates ever pick up a sufficient quantity of minerals early enough to speed them through the upper 1000 m of the water column where most of the degradation of POC occurs. Further work is also needed to quantify more directly and accurately the impact of mineral scavenging onto aggregate density, porosity, and sinking velocities.
Concluding remarks
Useful predictions on responses of the biological pump to global climate change are a great challenge, which can only be met by combining a mechanistic understanding of the functioning of organisms and ecosystems with globally quantitative estimates of the cycling of elements. Data currently exist for at least rough calculations of the fragmentation of organic aggregates by swimming zooplankton to be made, for example, and for ballpark estimates of the change in aggregate size, porosity, and sinking rate due to mineral scavenging to be included in models. Further experimental and observational work is necessary to improve our quantitative understanding of these two processes.
This paper has attempted to highlight areas where further research would result in the greatest gains in our ability to include more complexity into models of the biological carbon pump. These areas are: the fraction of sinking POC flux attributable to appendicularians, since current estimates of the contribution of this mostly overlooked vector are as high as 30% (Alldredge, 2005) 
